Abstract The vertebral endplates are critical for maintaining disc function yet like other components of the disc are vulnerable to degeneration. This paper provides an overview of the development and normal function of the endplates as well as an impression of what happens when they undergo progressive degeneration. Recent research suggests that the degenerative process can be retarded or reversed.
Despite all that is known from decades of research the intervertebral disc remains an enigma. It is a unique and remarkable entity and perhaps the one aspect that is responsible for much of its mystery is that such a large structure is able to survive and function under the most difficult physiological conditions. The discs of the human spine are the largest non-vascularised structures in the body, and in the largest of them (in the lumbar spine) some cells can be 20 mm from the nearest direct blood supply. Despite their apparent resilience however, the resident cells are not immortal. It is not unusual for discs to show signs of deterioration by the age of 25 years and it is in this regard that the vertebral endplate plays an important role.
Discs are roughly cylindrical structures that vary in size and shape progressively from the cervical to the lumbar region. They all comprise a well-hydrated central nucleus pulposus that is surrounded by the firm but flexible collagenous lamellae of the annulus fibrosus [40] . At the cranial and caudal ends of each disc are the endplates that separate the vertebral bone from the disc itself and prevent the highly hydrated nucleus from bulging into the adjacent vertebrae. The endplates also absorb the considerable hydrostatic pressure that results from mechanical loading of the spine [10] . The endplates are typically less than 1 mm thick, and while this varies considerably across the width of any single disc, they tend to be thinnest in the central region adjacent to the nucleus [16, 44] .
The endplates are identifiable from an early embryological stage and have an osseous as well as a hyaline cartilage component [50] . The cartilaginous component appears to generate great interest since it persists throughout normal maturation while the adjacent vertebrae undergo ossification. It comprises a gel of hydrated proteoglycan molecules reinforced by a network of collagen fibrils. Unlike the articular cartilage of the synovial joints the collagen fibrils do not connect the endplate directly to the vertebral bone [22] , although the endplate does have intimate contact with the disc through the lamellae of the inner annulus [21] . A network of microscopic blood vessels penetrates the endplates during development of the growing spine, principally to provide nutrition for the disc, before disappearing around the time of skeletal maturity [50] . Apart from a sparse vascular supply in the outer lamellae of the annulus mature discs are almost totally reliant on diffusion of essential solutes across the endplates for nutrition and metabolic exchange [20] .
The biochemical composition of the endplates, from normality through the spectrum of degenerative conditions, has been documented extensively [4, 6] . Of the several species of collagen present in the disc Type X is thought to be the most important in the endplate since it is a marker of hypertrophic chondrocytes and is involved with calcification [1] . Further, inactivation of one Collagen II gene allele in young mice has been shown to lead to lower glyscosaminogloycan levels in the endplates and thicker, more irregular endplates that become calcified prematurely [47] .
Proteoglycan molecules within the matrix are critical for the control of solute transport and maintenance of water content in particular throughout the disc, and depletion of proteoglycans from the endplate cartilage is associated with loss of proteoglycans from the nucleus [45] . It follows therefore that proteoglycan loss would ultimately lead to degeneration of the disc [37] . Alterations in disc biochemistry, particularly in the endplate, during the skeletal growth phase also may be involved in the development of scoliosis [3, 38, 43] .
Much attention has been focussed on understanding aspects of disc nutrition and the general processes associated with disc metabolism. In vitro studies using small dye molecules have demonstrated that the lateral margins of the endplate near the vertebral rim are relatively impermeable compared with the central portion or the entire annulus [32] . Quantitative studies with human autopsy specimens have shown that the endplate permeability is due to microscopic blood vessels in the central endplate that are more numerous than in the margins of the disc [15, 28] . This vascular network has been demonstrated using simple injection techniques [15] and shows that diffusion of small solutes from these vessels is the principal mechanism for transfer of nutrients into the disc [51, 52] . The process however is selective based entirely on molecular size and ionic charge of the molecules involved. The net negative charge of the nucleus conferred by the high concentration of proteoglycans in the nucleus permits passage of positive ions such as sodium and calcium and uncharged molecules such as glucose and oxygen, while impeding movement of negatively charged ions such as sulphate and chloride and macromolecules such as immunoglobulins and enzymes. The significance of the endplate in the metabolism of the disc has been confirmed by a variety of laboratory techniques [14, 20, 35] .
Upon reaching skeletal maturity the cartilage of the endplate undergoes substantial remodelling, resulting in extensive mineralisation which is eventually resorbed and replaced by true bone [8, 34] . Importantly this new tissue most likely impedes the hitherto critical diffusion and nutrient exchange between the vertebral marrow and the disc [42] . The small blood vessels within the endplate likewise become obliterated by this calcification, further limiting the exchange of vital nutrients.
Perhaps surprisingly the endplate can become revascularised after maturity in some species under normal [36] and pathological [30] conditions. In the latter study the revascularisation, presumed to be an attempt at tissue repair, was not able to reverse the inevitable cascade of degeneration caused by annular disruption. The creation of blood vessels in the endplate occurs by activation of the matrix degrading metalloproteinase (MMP) enzymes which are normally maintained in a latent form by tissue inhibitors [13, 18, 23, 41, 57] .
Blood flow in the region of the endplates is not entirely passive as there are muscarinic receptors present that can influence disc nutrition under altered physiological conditions [55] . Additional studies have identified nerve fibres and blood vessels in the endplates and subchondral bone in degenerate discs suggesting that tissue repair may be associated with back pain [11, 17] .
Morphological changes to the endplates are usually seen with advancing age but are also evident in association with pathological changes to the nucleus and annulus in advanced stages of degenerative disc disease [53] . The earliest microscopic changes seen are fissures and clefts along the length of the endplate in the horizontal plane with occasional chondrocyte death. It is not unusual to see invading blood vessels with adjacent bony endplate ossification. Eventually the cartilage is overcome by ossification. If it is still reasonably healthy the nucleus fills the voids created as blood vessels perforate the endplate, although these defects do not breach the bony endplate. By the fifth decade nuclear material is seen to protrude into the vertebral marrow with focal bony sclerosis resulting from the active remodelling. Often the cartilage is completely lost. In an animal model of spondylolysis disc degeneration, including loss of the endplate, was seen and was accompanied by increased apoptosis of endplate chondrocytes, indicating possible involvement of programmed cell death in age-related disc degeneration [5] .
Theoretical finite element modelling [33] agrees with detailed microscopic observations [53] that the endplate is susceptible to mechanical failure, almost without exception at the point of attachment to the subchondral bone and presumably due to the poor attachment of the collagen fibrils to the bone as mentioned earlier [22] . Autopsy studies also show that portions of the endplate can become separated from the vertebral body and herniate from the disc along with attached annular fibres [31, 49] . It appears that the point at which the annular fibres insert into the vertebral body in the vicinity of the epiphyseal ring is inherently weak, and seems more than coincidental that this is a common site for fracture in adolescents [7] . Experimental studies with the spines of adolescent pigs have reproduced similar findings after mechanical compression [25] . It should be noted that this injury pattern is quite different from that seen in the adult spine, where the endplate and adjacent trabecular bone are involved [26, 46] .
The most common endplate defect observed is probably the Schmorl's node, which is a vertical protrusion of the contents of the nucleus into the adjacent vertebral body [48] . Schmorl's nodes are seen in more than 70% of spines at autopsy with equal frequency above and below the age of 50 years, suggesting that they appear relatively early in life [19] . That they should be twice as common in men up to the age of 59 years suggests that they occur as a result of occupational trauma. Curiously however there is a gender switch after 60 years of age and they are twice as common in women! This occurs at a time when the disc is more likely to rupture due to changes, such as osteoporosis, that are generally associated with advanced age. In any event, discs with Schmorls' nodes are more degenerate than other discs at an early age [54] .
Exactly what causes Schmorl's nodes to form remains a mystery. There seems little doubt that they begin as small defects and are therefore not always seen as often on clinical radiographs as they are at autopsy [39] . They become more apparent radiologically as nuclear prolapse results in reduced disc height and a cartilaginous cap and eventually new bone form around the prolapse. Although most endplates do not show any evidence of natural perforations, Schmorl suggested that these lesions arise from focal weak spots caused by degenerate cartilage [48] . In the absence of direct trauma or destruction resulting from neoplastic involvement the endplates are intact and it is generally assumed that scar tissue that remains after closure of the small vascular channels in the developing spine [12] allows protrusion through these weak spots [27] . It may be significant that specimens with Schmorl's nodes have significantly more marrow contacts in the endplates, suggesting that these lesions may contribute to additional pathology such as Scheuermann disease, in which they feature prominently.
Although it would be completely erroneous to suggest that disc degeneration per se is the sole cause of back pain, it would nonetheless be naive to ignore the strong correlation that exists between the two entities. As a result of exciting developments in the field of spinal research we are now more aware than ever of the cellular processes that occur in disc degeneration, and as we move into the exciting era of ''regenerative medicine'' or ''biological treatments'' there is increasing interest and even an expectation that degenerative diseases can be treated by a ''magic bullet''.
The treatments that could potentially be available for regeneration of the endplates in particular are numerous and diverse, and in fact most are being considered in the context of the disc as a whole because of the complex interactions between the individual components of the disc. Such approaches include the use of recombinant proteins, cytokines or growth factors [29] , molecular therapy [58] , gene transfer techniques [24, 56] , cell therapy [2, 9] . These separate topics are so detailed that any attempt to summarise them in a few paragraphs would not do them justice. The reader is referred instead to the comprehensive literature (including the reviews referenced above) that contains many excellent papers on each topic.
Most of these concepts have barely progressed from in vitro testing, and as such are unlikely to have practical clinical application in the near future. This is not a criticism of these works. On the contrary it is a cautious warning that it may be many years before we see the results of appropriately conducted trials that evaluate their clinical efficacy. Realistically these treatments will not completely reverse the degenerative process but they may offer the potential to halt or at least, delay the inevitable consequences. The key to this approach will be to identify appropriate targets, whether they are genes, bioactive molecules, particular cell types or most importantly, the patient. Recipients of these treatments will need to be selected carefully as there is compelling evidence that factors as diverse as genetics, cigarette smoking, occupation and immobilisation, influence disc cell metabolism through endplate diffusion and hence nutrition of cells. It will be equally important to ensure that the cells in the disc survive and function appropriately to obtain the maximum benefit of such treatments.
Disc degeneration is a complex issue that involves myriad factors, of which the endplate is only one example. Careful incremental research is slowly unravelling its mysteries and there is reason to be optimistic that one day there will be treatments available to address the universal problems associated with back pain.
